A progressive decline in baroreflex sensitivity (BRS) is a characteristic feature of human aging, the basis of which is poorly understood. The purpose of the present study was to determine whether alterations in efferent baroreflex function might contribute to the age-related decrease in BRS. We studied 10 healthy young (mean age 30.5 years ; age range 22-40 years ; six male) and 10 healthy elderly (mean age 70.7 years ; age range 67-75 years ; five male) volunteers. We tested efferent cardiac vagal function using the bradycardiac response to the cold face test, and efferent sympathetic function using heart rate and blood pressure responses to four stress tests : (i) lowlevel cognitive stress, (ii) high-level cognitive stress, (iii) hand immersion in ice water (cold pressor test) and (iv) isometric sustained hand-grip. Haemodynamic responses to these stresses are mediated via efferent baroreflex pathways, whereas the afferent components of each reflex response are independent of afferent baroreflex pathways. BRS was measured from simultaneous Finapres-derived continuous blood pressure and digital ECG R-R interval data using the sequence analysis paradigm. As expected, BRS was significantly reduced in the elderly group (7.29p0.74 ms/mmHg ; meanpS.E.M.) compared with the young group (13.84p1.13 ms/mmHg ; P 0.001). However, neither the bradycardiac responses to the cold face test nor the efferent sympathetically mediated heart rate/blood pressure responses to the stress test battery were significantly different between the young and elderly groups. We conclude that the age-related decrease in BRS is not attributable to impairments in the efferent sympathetic or parasympathetic system components of the baroreceptor reflex pathway.
INTRODUCTION
Baroreflex sensitivity (BRS) refers to the degree of change of the R-R interval (measured in ms) of sequential electrocardiographic complexes per unit change in arterial blood pressure (measured in mmHg). In 1971, Gribben and colleagues [1] showed that there is a progressive decrease in BRS associated with advancing age and rising systolic blood pressure, using the so-called ' Oxford technique ' for measuring BRS. This involves measurement of the slope of the R-R interval plotted against systolic blood pressure when blood pressure is artificially and transiently raised following intravenous boluses of phenylephrine [2] . The age-related decrease in BRS is believed to contribute to orthostatic hypotension and related problems of dizziness and falls in elderly people [3] . Reduced BRS is also associated with significantly higher mortality from arrhythmias following myocardial infarction [4, 5] , an effect thought to be mediated through reduced vagal cardiac tone with con-comitant and unimpeded increased efferent sympathetic neural activity to the heart.
The mechanism of the age-related decrease in BRS is speculative. One hypothesis is that the known age-related loss of arterial compliance leads to reduced stretch of the carotid sinus and aortic arch baroreceptor areas at peak systolic pressure. Consequently, decreased baroreceptor stretch, leading to reduced afferent baroreflex traffic, would plausibly result in reduced reflex changes in heart rate and sympathetic vascular tone per unit change in systolic blood pressure. Such a hypothesis will be strengthened if it can be shown that neural function in the afferent and efferent limbs of the reflex loop is unchanged by normal aging. Work by Ng and colleagues [6] indicated that human aging does not significantly affect efferent sympathetic function, although there have been no subsequent studies reproducing these findings. The aim of the present study was to determine whether the decrease in BRS as a function of normal human aging is attributable to changes in the efferent vagal and sympathetic portions of the baroreflex.
METHODS

Subjects
We studied 10 healthy young subjects (six male ; mean age 30.5 years ; range 22-40 years) and 10 healthy elderly subjects (five male ; mean age 70.7 years ; range 67-75 years). All subjects were screened for cardiovascular, hypertensive, respiratory and neurological disorders, as well as for diabetes mellitus, medications with cardiovascular effects and ECG abnormalities (principally arrhythmias and bundle branch block). None of the subjects smoked or consumed more than 14 units of alcohol weekly. All subjects were physically active or very active, as indicated by a score of 5 or 6 on an activity scale of 1-6. This scale was based on the Stanford Physical Activity Scale [7] . A score of 5 indicates aerobic exercise for at least 20 min every day, and a score of 6 indicates an additional active physical hobby (e.g. swimming, golf, gardening) at least once weekly. Similarly, all subjects had normal body mass index values (22-27 kg\m#) (marked obesity is a potential cause of heightened Table 1 Comparison of physical characteristics in young and elderly subjects Values are group means (S.E.M.) ; pairwise comparisons between groups were carried out using the Mann-Whitney U-test. Expected age-related differences in body mass index and systolic blood pressure (SBP) are apparent, but physical activity ratings (on a scale of 1-6) were similar (NS, not significant).
Variable
Young group (n l 10) Elderly group (n l 10) 
Methods
Subjects presented to the laboratory between 10.00 and 14.00 hours, not less than 2 h after a light breakfast or lunch and having avoided caffeine and alcohol for at least 24 h. They were allowed to rest in the supine posture for 30 min, during which time their brachial blood pressure was checked at 10 min intervals, using an automated oscillometric device (Omron HEM-705). Average supine blood pressure was calculated from the mean of three readings at rest (Table 1) . At the end of this supine resting interval, non-invasive arterial blood pressure and heart rate were monitored continuously from the middle finger of the left hand using the Finapres 2300 automated photoplethysmographic device (Ohmeda Medical Instruments, Hadfield, U.K.). Each subject underwent a battery of stress tests administered in the same order, as follows, with a 15-20 min resting interval between each test : (i) cold face test (cold stress ; [8] ) ; (ii) low-level mental arithmetic test ; (iii) high-level mental arithmetic test (mental stress ; [9] ) ; (iv) cold pressor test (pain stress ; [10] ) ; (v) isometric hand-grip test (pain stress ; [11] ).
The cold face test provides an index of efferent vagally mediated bradycardia, while each of the other tests generates efferent sympathetically mediated increases in heart rate and blood pressure. This battery of autonomic function tests was specially selected because the measured haemodynamic responses are mediated through the efferent vagal and sympathetic components of the baroreflex loop, while their afferent components are mediated through pathways (central command, pain, muscle receptors) other than the afferent baroreflex pathways [11] . Low-level and high-level cognitive stress tests were used because low-level mental arithmetic is associated with a decrease in muscle sympathetic nerve activity (MSNA), whereas high-level mental arithmetic causes increased MSNA in young subjects [9] . Therefore, in theory, this differential MSNA response to low-and high-level mental arithmetic could result in differential heart rate and blood pressure responses. Details of the stress tests are as follows.
(i) Cold face test. Following a resting supine interval, 2 min of control data were recorded. Immediately after this, ice-cold mats were applied to the trigeminal maxillary and mandibular sensory areas of the subject's face for a further 2 min. The mats were malleable, such that maximum contact was made with the contours of the face. Continuous heart rate and blood pressure data were recorded during the cold face manoeuvre for comparison with the control data.
(ii) Low-level cognitive stress test. Following 3 min of resting baseline Finapres haemodynamic data recording, the subject was asked to immediately start subtracting serial 7s, starting at 500. The subject was instructed to continue subtracting as rapidly as possible for 3 min, with the observer giving the subject verbal cues for each calculation. At the end of the test, the subject was asked to rate the difficulty of the test from 0-4, 0 being ' not stressful ' and 4 being ' extremely stressful ' [9] .
(iii) High-level cognitive stress test. Each subject underwent a further test identical to the low-level cognitive stress test, except the instruction was to subtract serial 13s, starting at 1000. At the end of the test, the subject rated the test on a scale of 0-4, as with the lowlevel stress test.
(iv) Cold pressor test. Baseline data were recorded for 3 min in the resting supine posture, with the right arm in the passive dependent posture, ready for cold water immersion. The water temperature was less than 2 mC. Each subject was instructed on cue to plunge his\her hand to wrist level into a bath of ice water for 2 min, or until it became too painful to continue. Continuous blood pressure and heart rate data were recorded, and the subject was asked to rate perceived pain, using the modified Borg scale [10, 13] , every 30 s throughout the period of cold immersion.
(v) Isometric hand-grip test. At 15 min after completion of the cold pressor test, subjects were instructed to apply 40 % of their maximum hand-grip force, holding a hand-grip dynamometer in the dominant hand, while Finapres haemodynamic data were recorded simultaneously from the non-dominant hand. Subjects were asked to maintain hand-grip at the target force until the point of exhaustion, which was defined as an inability to maintain hand-grip force at 90 % of the target force with concurrent maximum perceived effort [6] . Every 30 s during the procedure, the subject was asked to rate perceived exertion, using the original Borg scale, until the point of exhaustion.
The measurements derived from each part of the protocol during off-line analysis were as follows. (i) Cold face test. The magnitude of the response was expressed in two ways : (a) the difference between the average resting heart rate and the average heart rate during the 2 min of stimulation, and (b) the difference between the resting average heart rate and the heart rate nadir during stimulation. (ii) Low-level cognitive stress test. The response was expressed as (a) the difference between the average heart rate during the test and the average resting heart rate, and (b) the difference between the average mean arterial blood pressure during the test and the average resting mean arterial blood pressure. (iii) Highlevel cognitive stress test. The response was quantified in exactly the same way as for the low-level cognitive stress test. (iv) Cold pressor test. The response was calculated by subtraction of the resting average heart rate and mean arterial blood pressure values from the average heart rate and mean arterial blood pressure values obtained during the cold stimulus. (v) Isometric sustained hand-grip. Average resting heart rate and mean arterial blood pressure values were subtracted from test average values taken during each 20 % portion of the test interval, in order to allow for individual subject differences in time to hand-grip exhaustion [15, 16] .
Each subject returned to the laboratory 1 week after completing the stress test protocol for BRS measurement by sequence analysis, this method showing close correlation with the invasive ' gold standard ' Oxford technique for BRS measurement [17, 18] . A digitalized ECG signal was recorded from limb leads and displayed on a personal computer at a resolution of 4 ms for R-R interval, and Finapres-derived continuous blood pressure data were recorded simultaneously from the middle or ring finger of the left hand. After a rest interval of 10 min in which the Finapres-derived blood pressure profile remained stable, data capture began. Data recording continued until the computer software had identified 20 significant haemodynamic sequences (approx. 15-20 min). Significant haemodynamic sequences were defined as blood pressure fluctuations in which the following three criteria were met : (a) uninterrupted rise or fall of systolic blood pressure over 3 consecutive beats or more ; (b) absolute rate of change of systolic blood pressure of 0.5 mmHg\s or more ; and (c) a value of P 0.05 for the linear regression of ECG-derived R-R interval as a function of systolic blood pressure [19] . Individual BRS was expressed as a geometric mean of the sequence estimates, rather than as an arithmetic mean. This is because the distribution of these BRS estimates is non-Gaussian, while the lognBRS estimates show a normal distribution [20] .
Statistical analysis
In view of the relatively small numbers of subjects in each group and the non-Gaussian distribution of the data, groups were compared using the non-parametric MannWhitney U-test. The Bonferroni correction was applied to the results of the autonomic function test measurements statistical comparison, in view of the large number of comparisons between the groups.
RESULTS
Examples of responses of individual subjects to each of the stress tests are illustrated in Figures 1-5 . When subjects were asked to subtract serial 7s by mental arithmetic, there were significant increases in heart rate and mean arterial blood pressure (MABP) during the test compared with baseline. Immersion of a hand in ice-cold water caused a marked increase in mean arterial blood pressure (MABP) and a less pronounced increase in heart rate compared with baseline.
Figure 5 Sustained isometric hand-grip : heart rate and blood pressure responses
Sustained isometric hand-grip caused steady increases in mean arterial blood pressure (MABP) and heart rate which reached a peak at the point of exhaustion. Table 2 shows details of the responses of the two groups of subjects to the test battery. Elderly subjects performed significantly less well in the cognitive stress tests, and their time to physical exhaustion in the sustained hand-grip test was significantly shorter than in the young group. However, these tests were performed to the limits of each subject's cognitive and physical endurance respectively, and there were no significant differences in the group mean subjective ratings of the cognitive, cold pressor or sustained hand-grip tests. Table 3 shows the group mean (pS.E.M.) results for the cold face, low-level cognitive stress, high-level cognitive stress and cold pressor test variables. Table 4 shows the results of the isometric hand-grip test. As expected from previous studies, the mean geometric BRS of the elderly group was significantly lower than that of the young group. In contrast, there were no significant differences between the groups when comparing any of the variables indicating baroreflex efferent vagal or sympathetic responses to the stress tests. Efferent baroreflex function in elderly humans Table 2 Responses to cognitive, cold pressor and isometric hand-grip stress tests Subjectively perceived stress was rated from 0 (not stressful) to 4 (very, very stressful). A modified Borg perceived pain rating scale was used, ranging from 7 (very mildly painful) to 17 (must stop). Values are group means (S.E.M.). The significance of differences between groups was assessed using the F-test. The numbers of correct responses to low-and high-level mental arithmetic tests were significantly less in the elderly group, but perceived stress was not significantly different between the groups. Similarly, differences in perceived pain during cold stress and isometric hand-grip did not reach statistical significance. 
DISCUSSION
The present study shows that the age-related decrease in BRS is not accompanied by significant decreases in efferent cardiac vagal or sympathetically mediated vascular responses to physical or cognitive stress tests. Efferent cardiac vagal activity in old age has been studied previously, principally by Kaijser and Sachs [21] and by Ingall et al. [22] . Both of these groups reported agerelated decreases in cardiac vagal activity in response to a variety of autonomic function tests, including the Valsalva manoeuvre, sinus arrhythmia, expiratory\inspira-tory ratio and apnoeic facial immersion (diving reflex). However, each of these tests may be influenced by agingrelated changes in both respiratory function and afferent cardiopulmonary reflexes, which do not necessarily reflect age-related changes in efferent cardiac vagal activity. In contrast, the cold face test does not involve apnoea, forced breathing or any other changes in ventilatory pattern other than resting tidal airflow, and has been shown previously to be well tolerated in old people [23] . The changes (∆) in heart rate (HR) and mean arterial blood pressure (MABP) in each quintile of the test endurance interval compared with resting baseline levels are shown ; e.g. ∆HR 0-20 % is the change in heart rate (beats/min) during the first one-fifth of the total endurance interval. Values are expressed as group means (S.E.M. [24] have described significantly less bradycardia in healthy elderly subjects compared with healthy young subjects in response to facial cooling with cold air jets, which contrasts with the lack of a statistically significant difference between the young and elderly groups in the present study. In the present study, the methods of cold stimulation (convective compared with conductive cooling) and haemodynamic monitoring (intermittent compared with continuous) were different from those of Collins et al. [24] , factors that may influence the overall results. However, the present study only had 80 % statistical power at the 5 % confidence limit to detect heart rate changes greater than 9 beats\min. There was a trend towards a statistically significant difference in relation to Cold Face ∆HR 2 (baseline average heart rate minus test heart rate nadir ; Z l k1.739 ; see Table 3 ), suggesting possible biological significance. In contrast with this, bradycardiac responses to facial cooling in healthy elderly subjects have also been reported previously to be greater than in healthy young volunteers [23] . Furthermore, it should be noted that ours is the first study to compare healthy young and elderly subjects using a conductive cooling method for the cold face test. However, there is no clear reason why the cardiovascular responses to facial cooling by cold conduction should be any different from those to facial cooling by cold convection.
The change in mean arterial blood pressure in response to hand immersion in ice water (cold pressor test) was more pronounced in the elderly group, a difference which approached, but fell short of, statistical significance (Z l k1.814). The small numbers of subjects in the present study meant that there was 80 % power to detect group mean differences in mean arterial blood pressure of greater than 13 mmHg at the 95 % confidence limit.
Insufficient statistical power to detect smaller differences in arterial blood pressure in response to cold stress might therefore be considered a limitation to demonstrating biological significance in the present study. Nevertheless, with larger numbers of young (n l 15) and elderly (n l 15) subjects, no significant difference in the mean arterial blood pressure response to cold stress was detected by Ng et al. [6] , using a virtually identical protocol to that in the present study.
On the basis of our findings, the age-related decrease in BRS cannot be attributed to effects of aging on efferent cardiac vagal or vascular sympathetic pathways. This indicates that the age-related loss of BRS may result from changes in : (i) arterial baroreceptors, (ii) afferent baroreflex fibres, or (iii) central brainstem baroreflex gain. It is implausible that there is selective, age-related, afferent baroreflex autonomic dysfunction in the presence of normal efferent parasympathetic and sympathetic function, making (ii) an unlikely possibility. At the present time, there is no non-invasive experimental means of measuring baroreflex afferent or central gain function in humans. However, two well observed phenomena associated with aging and arteriosclerosis, i.e. increased prevalence of carotid sinus hypersensitivity and increased resting muscle nerve sympathetic activity, provide circumstantial evidence that the age-related decrease in BRS results primarily from loss of arterial compliance.
A decrease in BRS is associated with increasing systolic pressure, regardless of age [1] . In the present study, the mean systolic blood pressure of the elderly subjects was, predictably, significantly higher than that of the young subjects. It is widely accepted that the isolated rise in systolic blood pressure seen after middle age results largely from age-related progressive arteriosclerosis and concomitant loss of arterial elasticity. One might reason-ably speculate, therefore, that progressive arterial stiffening is the common mechanism underlying raised systolic blood pressure and reduced BRS in old age.
Carotid sinus hypersensitivity (CSH) refers to abnormally increased baroreflex gain in response to 5 s of carotid massage, and is arbitrarily defined by a ventricular pause of greater than 3 s and\or a fall in systolic blood pressure exceeding 50 mmHg. Investigators have reported a prevalence rate of 10 % in the healthy adult population [25] ; this increases steadily with advancing age, particularly in elderly men with hypertension and coronary artery disease, in whom the prevalence is 25k30 % [26, 27] . The fact that aging, hypertension and arteriosclerosis are associated with both reduced BRS and increased baroreflex gain, in the form of CSH, seems contradictory. O 'Mahony [28] has proposed that CSH is a physical sign of reduced BRS, i.e. that a chronic, progressive loss of arterial compliance in the barosensitive carotid sinus and aortic arch structures results in a progressive decline in afferent baroreflex neural traffic. This, in turn, causes up-regulation of central α # -adrenoceptors (or, possibly, imidazoline-1 receptors). When this up-regulated population of receptors is presented with sudden, massively heightened afferent baroreflex neural activity following carotid massage, there is an ' overshoot ' response in the efferent limbs of the baroreflex loop, manifesting as cardioinhibition and\or vasodepression.
Several studies have shown that aging is associated with significantly increased muscle nerve sympathetic activity at rest [29] [30] [31] . Yamada et al. [31] have suggested that this phenomenon, like CSH, also results from impairment of arterial baroreceptors or from reduced arterial wall compliance. The consequent gradual decrease in afferent baroreflex neural activity leads to gradually increased efferent baroreflex sympathetic outflow, manifested as increased muscle nerve sympathetic activity at rest. This hypothesis is made more plausible by the fact that carotid sinus extensibility (and, by corollary, carotid distensibility) is markedly reduced with advancing age [32] , which results in a baroreceptor structure that is less sensitive to increases in carotid intramural pressure. In support of this theory, a study in healthy young volunteers [33] showed that BRS is indeed significantly correlated with ultrasonically measured carotid distensibility.
In conclusion, our data show that the decrease in BRS in healthy elderly people is not associated with reduced brainstem efferent vagally or sympathetically mediated cardiovascular responses to physical and cognitive stresses. Since a selective afferent baroreflex neural defect is unlikely, and since aging is associated with increased central brainstem baroreflex gain, we believe that the present data support the theory that the age-related decline in BRS is the result of increased arterial stiffness.
